14 15 16 30 longevity, decreased and delayed adult emergence, and reduced fecundity in Wolbachia-infected flies 31 in comparison to mock-injected flies. Furthermore, fitness effects varied according to the Wolbachia 32 strain injected with most marked reductions seen in the wMelPop-injected flies and least severe effects 33 seen with the wAlbB strain. 34 35 36
Abstract

17
A widespread insect endosymbiont Wolbachia is currently of much interest for use in novel strategies 18 for the control of insect pests and blocking transmission of insect-vectored diseases. Wolbachia-19 induced effects can vary from beneficial to detrimental depending on host biology and the genetic 20 background of the infecting strains. As a first step towards investigating the potential of Wolbachia for 21 use in the biocontrol of buffalo flies (BF), embryos, pupae, and adult female BF were injected with three 22 different Wolbachia strains (wAlbB, wMel and wMelPop) . BF eggs were not easily injected because of 23 their tough outer chorion and embryos were frequently damaged resulting in less than 1% hatch rate of feed 20-40 times a day on cattle, and the females only leave cattle to oviposit in freshly deposited cattle 42 manure [3] . Their blood-feeding habits result in significant economic losses by reducing milk and meat 43 production and causing defects in cattle leather [4, 5] . Further, BF infestation is a significant welfare 50 Wolbachia, are maternally inherited endosymbionts of insects, that are of much interest for use in the 51 biological control of pests, most particularly as a basis for area-wide integrated control strategies for a 52 range of insect species [9] [10] [11] . Wolbachia has been used in insect control programs in two main ways.
53
First, it has been used as a means to achieve population replacement, where Wolbachia-infected 54 insects impart unique characteristics such as pathogen blocking or fitness deficits, and second, by the 55 incompatible insect technique (IIT) in which Wolbachia-infected males released into the population 56 cause the production of non-viable eggs, similar to the sterile male technique [11] [12] [13] [14] . Both of these 57 strategies are based on cytoplasmic incompatibility (CI) and the resultant ability of Wolbachia to spread 58 though uninfected or differentially infected populations [14] . Some of the novel fitness costs induced by 59 
70
The first step towards developing Wolbachia based control programs is the establishment of Wolbachia 71 transinfected lines of the target pest. The most common method used to transinfect new hosts with 72 Wolbachia has been embryonic microinjection, although injection into other stages, such as adults and 73 pupae have also given some success [14] . Of the available transinfection procedures, embryonic 74 microinjection is mostly preferred as Wolbachia are directly introduced to the pole cells of pre-75 blastoderm embryos using a fine needle inserted at the posterior end of the egg, desirably resulting in 76 germline and somatic cell infection. In contrast, adult injection is usually carried out into the thoracic or 77 abdominal regions of adults where Wolbachia must successfully evade or overcome a number of 78 membrane barriers and the host immune response to become established in the germinal tissues for 79 next-generation transmission [14] . Some instances of successful use of adult microinjection to 80 transinfect new insect strains include the transfer of wMel strain to Drosophila melanogaster, wAlbA 81 and wAlbB to Ae. aegypti, and wRi, wMel, wHa, and wNo to the leafhopper Laodelphax striatellus [14, 82 [29] [30] [31] .
83
Buffalo flies collected from twelve locations in Australia and Indonesia were negative for Wolbachia 84 infection, and this has been confirmed by more recent testing in our lab (unpublished data) [32] .
85
However, Wolbachia appears to be ubiquitous in closely related horn flies (Haematobia irritans) (HF) 86 suggesting that BF will also be a competent host for Wolbachia [32] [33] [34] [35] [36] [37] [38] . In previous studies, Wolbachia 87 has been mostly sourced from the egg of the infected species for microinjection purposes [14] .
88
Nevertheless, using cell lines of the intended host artificially infected with Wolbachia as the donor 89 source has been suggested as advantageous for obtaining a high density and host context adapted 90 Wolbachia. Hence, we established the HIE-18 cell line from HF to adapt wAlbB obtained from mosquito, 91 wMel, and wMelPop from Drosophila into the Haematobia spp. context prior to commencing BF 92 microinjection.
93
Here, we report the results of studies towards the establishment of lines of BF sustainably infected with 94 the wAlbB, wMel, and wMelPop strains of Wolbachia and the dynamics and kinetics of infection in 
110
Wolbachia isolation 111 Wolbachia were isolated from the cell lines, according to Herbert et al. (2017) [21] . Briefly, wAlbB, wMel, 112 and wMelPop infected cell lines were grown in 75 cm 2 cell culture flasks for seven days using previously 113 noted methods. Cells were pelleted on the eighth day by spinning at 2000 x g and washed three times 114 with SPG buffer (218 mM sucrose, 3.8 mM KH2PO4, 7.2 mM MK2HPO4, 4.9 mM L-glutamate, pH 7.5), 115 sonicated on ice for two bursts of 10 sec and cellular debris was removed by spinning at 1000 x g for 116 10 min at 4 o C. The supernatant was passed through 50 m and 2.7 m acrodisc syringe filters 117 (Eppendorf, NSW, Australia) and centrifuged at 12000 x g to pellet Wolbachia. Finally, the pellet was 118 suspended in 100 l SPG buffer and used for microinjection.
119
Embryonic microinjection 120 Buffalo flies were held in temporary cages for 20-30 min to collect eggs of similar age. Newly laid eggs 121 (40 -60 min old) were arranged on double-sided sticky tape using a paintbrush and microinjected at 122 the posterior pole of each egg with wAlbB (2x10 8 bacteria/ml) using a FemtoJet microinjector system 123 (Eppendorf, NSW, Australia) . The microinjected eggs were then placed on tissue paper on the surface 124 of artificial manure pats to hatch. After eclosion, larvae migrated into the moist manure where they fed 125 until pupation. Pupae were separated from the manure by flotation in water on day 7 post-injection and 126 incubated at room temperature. Flies that emerged from the puparium by day 10 were collected and 127 6 separated by sex. Females that emerged from microinjected eggs were held singly with two males for 128 mating in small cages made of transparent acrylic pipe (6 cm diameter x 15 cm height) closed with fly 129 mesh and a membrane feeder at the top supplying cattle blood maintained at 26 ⁰C. A 55 cm 2 petri-dish 130 containing moist filter paper was placed at the base of the cages for collection of eggs deposited by the 131 flies. Females were allowed to oviposit, and the eggs were collected until the death of the flies. Dead 132 flies were collected and tested for the presence of Wolbachia using real-time PCR.
133
Adult microinjection
134
Approximately 100-150 pupae from the BF colony at the EcoScience Precinct, Brisbane, Australia were 135 held separately from the main colony for collection of freshly emerged female flies (2-3 hrs old) for 136 injection. The female flies were collected within 3-4 h of eclosion from the pupae, anaesthetised using 137 CO2 for 30-40 s, and then 2 l of Wolbachia suspension (3x10 9 bacteria/ml) was injected into the 138 metathorax of each fly using a handheld micro-manipulator (Burkard Scientific, London, UK) with 139 hypodermic needles (0.24 X 33 mm). The microinjected flies (G0) were blood-fed and mated with male 140 flies at the ratio of 1:1 in small cages as described above. On day three after injection, an artificial 100 141 g manure pat was placed onto sand at the base of each cage. Manure pats were removed every second 142 day, and the collected eggs were reared to adults following our standard laboratory protocols. Newly 
208
Flies were cultured under laboratory conditions in small cages, and mortality was noted every 12 hours.
209
Dead flies were later tested for Wolbachia infection individually using real-time PCR as described 210 above. The survival assay for microinjected pupae was carried out as per the adult assay except that 211 the number of flies in each cage was 20 (ten male and ten female).
212
Adult emergence rate post pupal microinjection with Wolbachia
213
Data from five independent pupae-microinjected batches were used to analyse the effect of Wolbachia 214 on adult emergence. All three Wolbachia strains were injected in parallel to the buffer-injected controls.
215
The number of injected pupae varied between batches from 77 to 205 for wMel, 98 to 145 for wAlbB, is particularly difficult because of the tough chorion surrounding the egg (Fig. 1A) . We observed a 230 significant detrimental effect of injection on embryo survival and hatching (one-way ANOVA: F2, 6 = 231 455.3, p<0.0001) and identified that older eggs (40-60 min) had a better injection survival rate, 21.96% 232 compared to 3.4% for younger eggs (10-30 min) (Tukey's multiple comparison test: p=0.010) (Fig. 1B) .
233
A number of other variations of the technique were tested to improve the survival rate of eggs post 234 microinjection. These included dechorionation of the eggs with 2.5 % sodium hypochlorite for 30 s to 235 soften the chorion, partial desiccation to reduce hydrostatic pressure in the eggs and increase space 236 for the retention of larger volumes of injectate, and the use of halocarbon oil (2:1 mix of halocarbon 700 237 and 27) to prevent desiccation of the eggs. None of these treatments markedly improved survival post 238 microinjection (2.33%) and they also appeared to reduce egg survival in uninjected eggs (16.33%) (one-239 way ANOVA: F2, 6 = 181.6, p<0.0001) (Fig. 1C ).
241
Wolbachia dynamics and tropism post adult injection
242
The growth kinetics of Wolbachia were studied in injected female flies by quantifying Wolbachia on days 243 3-11 compared to day zero (day of injection). Overall, the pattern showed an initial significant decrease 244 in Wolbachia density to approximately day five followed by subsequent growth and increase in bacterial 245 titre to day eleven in all three strains (Kruskal-Wallis test: p<0.0001) ( Fig. 2A-C ).
246
Significant variation in Wolbachia growth dynamics after injection required a better understanding of 247 tissue tropism. Hence, fluorescence in situ hybridisation (FISH) was carried out on whole mounted BF 248 and dissected ovaries to visualise the localisation of wMel and wMelPop Wolbachia six days after 249 injection (Fig. 3) . No infection in the germline tissue was evident in any of the six samples analysed 250 from each strain. However, Wolbachia was widely distributed in somatic tissues including the thoracic 251 muscle, head, abdominal area, proboscis and legs (Fig 3) .
252
The PCR results for Wolbachia growth in flies ( Fig. 2-3) suggest that the use of FISH at 6 days post-253 injection was too early to determine the final distribution of Wolbachia. Hence, we studied tissue 254 invasion and the detailed distribution of Wolbachia in adult flies by real-time PCR after dissecting out 255 the thoracic muscle, midgut, fat bodies, ovary and head at nine days post adult injection ( Fig. 4A-C) .
256
Wolbachia were found to be replicating in all somatic tissues with wAlbB having an infection percentage 257 of 33-83 % (N=6) and wMel and wMelPop between 66-100% (N=6). No infection was found in germline 258 tissues. However, on a few occasions first generation flies from adult injection with wAlbB, wMel, and 259 wMelPop were found positive with infection percentages of 5%, 22%, and 10% respectively, suggesting 260 transmission via the germline tissues in these instances (see Table 2 ). Fig. 8A) . It is important to note that emergence in wMel and wMelPop injected flies was less than 2% 296 on day 5. Overall, there was significant decrease in the percent emergence of wMel ( (Fig. 8B) . Nearly 5% of the flies that emerged from the wMelPop-injected pupae were too weak 301 to completely eclose from the pupal case and had deformed wings ( Fig. 8 C-D) .
262
302
Effect of Wolbachia on egg production 303 Difference between infected females and non-infected females in egg production was also analysed 304 following pupal injection with the three different strains of Wolbachia. Over 14 days there was a 305 significant reduction in the total eggs laid by females infected with wAlbB (p=0.012), wMel (p=0.0052),
306
and wMelPop (p=0.0051) in comparison with the mock-injected flies (Fig. 9 ).
308
Discussion
309
Embryonic microinjection is by far the most frequently used technique to develop Wolbachia-310 transinfected insect lines, mainly because Wolbachia injected into the germ cells of the developing 311 embryo provides a direct route for infection of the germ tissues in the early stage of differentiation [14] .
312
However, this technique is also the most challenging step because the invasive procedure of egg 313 microinjection can result in high mortality of eggs and optimal methods differ for different insect species 314 [14, 45, 46] . Another disadvantage of this technique is that inability to determine the sex of an embryo 315 prior to injection means that approximately half of the injected flies will be males that do not transmit 316
Wolbachia to the next generation [14] . This means that many thousands of eggs must often be 317 microinjected using specialised equipment before successful Wolbachia transinfection is achieved [14] 318 and as male embryos cannot be identified, half of this effort is functionally wasted. With BF, less than 319 1% of more than 2000 embryos we injected subsequently hatched because the tough chorion of BF 320 eggs caused difficulties with needle penetration, rapid blunting and high breakage rate of microinjector 321 needles, frequent chorion tearing, and embryo damage. Treatment with sodium hypochlorite to soften 322 the chorion, prior partial desiccation of eggs to reduce hydrostatic pressure, and the use of halocarbon 323 oils to prevent egg desiccation during injection did not markedly improve the survival rate. Similar 324 difficulties were experienced when attempting to use microinjection for gene transfection in closely 325 related Haematobia irritans eggs. In this instance, the researchers opted to use electroporation, which 326 is unsuitable for the introduction of bacteria [47] .
327
Although embryonic microinjection has been the primary method used to develop transinfected insects, 328 adult microinjection can be advantageous in that females can be selected for injection [14] . Further, 329 adult microinjection can be performed using a simple syringe and small-bore needles delivering higher 330 volumes of Wolbachia to overcome the host immunological response [14] . Our results with adult 331 injection of Wolbachia were promising. Despite that injections in first few batches were made mainly 332 with Wolbachia grown in D. melanogaster cells (wAlbB, wMel and wMelPop strain), not previously 333 adapted in Haematobia cells, infection rates and persistence in the injected flies were high (generally > 334 90%). In a few batches, transmission to the next generation was confirmed.
335
As oviposition by BF may begin as early as three days after eclosion from the pupae and continue until 336 death, knowledge of Wolbachia distribution and dynamics in injected females was critical for us to 337 identify the optimal timing for collecting infected eggs for the establishment of an infected colony (11-338 15 days). Wolbachia density significantly decreased to day five due to host immune response but 
357
The wMelPop strain is a virulent type of Wolbachia, and its over replication in somatic tissues and brain 358 cells, known in other infected insects [49, 50] , may have been the reason for the early death of BF.
359
Further, in the studies of Wolbachia kinetics we found a higher density of wMelPop than with the other 360 two strains following both adult and pupal injection. 
